People underestimate the numerosity of collections in which a few dots are connected in pairs by taskirrelevant lines. Such configural processing suggests that visual numerosity depends on the perceived scene segments, rather than on the perceived total area occupied by a collection. However, a methodology that uses irrelevant line connections may also introduce unnecessary distraction and variety, or obscure the perception of task-relevant items, given the saliency of the lines. To avoid such potentially confounding variables, we conducted four experiments where the line-connected dots were replaced with collinear inducers of Kanizsa-type illusory contours. Our participants had to compare two simultaneously presented collections and choose the more numerous one. Displays comprised c-shaped inducers and disks (Experiment 1), c-shaped inducers only (Experiments 2 and 4), or closed inducers (Experiment 3). One display always showed a 12-(Experiments 1-3) or 48-item reference pattern (Experiment 4); the other was a test pattern with numerosity varying between 9 and 15 (Experiments 1-3) or 36-60 items (Experiment 4). By manipulating the number of illusory contours in the test patterns, the level of connectedness increased or decreased respectively. The fitted psychometric functions revealed an underestimation that increased with the number of illusory contours in Experiments 1 and 2, but was absent in Experiments 3 and 4, where illusory contours were more difficult to perceive or larger numerosities were used. Results corroborate claims that visual numerosity estimation depends on segmented inputs, but only within moderate numerical ranges.
Introduction
The debate on how numerosities are extracted from visual scenes endures in the literature, oscillating between those who suggest that numerosity estimation operates over unsegmented visual inputs (Allik & Tuulmets, 1991; Durgin, 2008) , and those who think that scene segmentation is obligatory (Castelli, Glaser, & Butterworth, 2006; Dehaene & Changeux, 1993) . At the heart of the problem lies the dilemma of whether objects in collections retain the properties of the single objects upon which numerosity estimation operates, or whole collection representations are formed, averaged and analyzed in a global manner. In favor of the unsegmented inputs view, there is evidence that the physical size of a set can be estimated by a single mean value calculated from all its members, without their compulsory identification (Ariely, 2001) . Furthermore, numerosity is confounded with other attributes like texture density and area (Durgin, 1995; Hollingsworth, Simmons, Coates, & Cross, 1991; Vos, van Oeffelen, Tibosch, & Allik, 1988) , frame/area ratio of array displays (Bevan & Turner, 1964) and dot cluster, which shows an inverse relation with the estimates of its numerosity; that is, sets with clustered items tend to be underestimated (Ginsburg & Goldstein, 1987; Frith & Frit, 1972) . A suitable theoretical framework for such observations is given by Allik and Tuulmets (1991) who proposed the occupancy model, describing numerosity as an emergent property from a summed area occupied by all items in a set (for an extension of the model that combines texture density and area, see Durgin, 1995) . In other words, numerosity estimation relies on a single statistic, called an occupancy index, calculated over the whole collection. Later, a different model of numerosity estimation was proposed by Dehaene and Changeux (1993) , in which object individuation and segmentation, rather than occupied areas, serve as the basis for the estimation. The information about objects is gathered by an ''input retina" and forwarded to an intermediate module that normalizes and encodes all objects regardless of their size, as segmented activation units with Gaussian distributions. In support of this view, studies on crowding show that although the object recognition is severely impaired in cluttered scenes, detection of whole objects, or even an object's individual features, remains unaffected (Whitney & Levi, 2011) . In other words, the signal of individual objects does not disappear http://dx.doi.org/10.1016/j.visres.2016.03.005 0042-6989/Ó 2016 Elsevier Ltd. All rights reserved. even in cluttered visual scenes, giving the opportunity for the numerosity extractors to operate over discrete units. It seems that the Dehaene and Changeux (1993) model does not account for the effects of clustering, covered area, and object size reported previously; but Franconeri, Bemis, and Alvarez (2009) hypothesize that such factors could interact with numerosity extraction during the later stages of responding (i.e., after the number estimates have already been acquired).
One way to test whether visual numerosity estimation depends on segmented inputs is to change the level of connectedness between the separate items while keeping the spatial factors constant across the display. That is, by connecting items in a way that is irrelevant to the number task (e.g., lines), it is possible to increase or decrease the perceived segmentation of items in a configuration, since line-connected objects tend to group together and are perceived as a single unit rather than as two independent objects (Palmer & Rock, 1994) . If numerosity estimation is performed over unsegmented inputs, connecting individual items into pairs should not influence the total estimation of a set. In contrast, if segmented units are the basis for the estimation, the perceived numerosity should vary inversely with the level of connectedness inside the collection (i.e., the more connected pairs a set contains, the less numerous it should appear). Franconeri et al. (2009) and He, Zhang, Zhou, and Chen (2009) confirmed the latter hypothesis by demonstrating that people systematically underestimated the total number of items when these were presented as lineconnected pairs. The underestimation was absent when participants in both studies compared disconnected items, with lines attached only to a single item or freely hanging among the rest of the items in the collection. However, Franconeri et al. (2009) and He et al. (2009) reached their conclusions from experiments in which connectedness was achieved solely by means of physical connections. In such experimental designs, lines inherently become distractors, since participants are asked to ignore them and only estimate the numerosity of other elements. Yet, previously it has been shown that simply instructing participants to ignore irrelevant stimuli does not abolish the effects of distractors. For example, a distractor's proximity to a target is a significant factor when people make responses to the specified target; that is, the closer the distractor is, the bigger the interference with the target (Eriksen & Eriksen, 1974) . The interference is particularly strong and unavoidable when distractors and targets both belong to the same object (Kramer & Jacobson, 1991) . Additionally, lines potentially affect the salience of connected items tagged for enumeration, and the reported underestimation could be simply due to a reduced visibility of the individual items in the pair rather thanas the authors explained-a perceptual grouping into unified objects.
In the current study, we tried to avoid any confounding effects of the connecting lines by adapting the method described in He et al. (2009) using Kanizsa illusory contours (ICs) instead. By definition, ICs are perceived boundaries and edges in the absence of physical correlates of luminance, color and textural changes in the stimulus (Kanizsa, 1976) . They are extremely versatile and robust visual illusions that are perceived by human adults and infants (Bertenthal, Campos, & Haith, 1980) , as well as animals, including birds and insects (Nieder, 2002) . ICs initiate neural responses early in the visual process, as early as those of the V1 and V2 areas in monkeys and humans (Ffytche & Zeki, 1996; Grosof, Shapley, & Hawken, 1993; von der Heydt, Peterhans, & Baumgartner, 1984) . Critically, the pattern of activity in neurons from the V2 area, when their receptive fields fall within the empty gap between IC inducers, resembles that previously found in anesthetized cats when light-bars are shone in a particular orientation (Hubel & Wiesel, 1962; Peterhans & von der Heydt, 1989) . Such properties of the ICs make them an ideal candidate for replacing physical lines but still maintaining different levels of connectedness between the items in a collection.
We carried out four experiments in which we asked people to identify the numerically larger set from two briefly-shown panels on a computer screen. One of the panels always contained a fixed numerosity reference set, while the other was a test set with the number of items varying between 9 and 15 in Experiments 1, 2, and 3, and between 36 and 60 in Experiment 4. The stimulus sets in Experiment 1 consisted of both disks and c-shaped inducers (the latter subset giving rise to the ICs), whereas sets in Experiments 2 and 4 contained only inducers. Experiment 3 was similar to Experiment 2, except that the inducers were closed with a thin line. Experiment 4 was a modified version of Experiment 2 that investigated numerosities four times larger. Test sets across experiments contained 0, 2 or 4 ICs in Experiments 1-3, and 0, 8, and 16 ICs in Experiment 4, each formed by a subset of items. Similar to Franconeri et al. (2009) and He et al. (2009) , we reasoned that if our visual system extracts numerosity from segmented and unitized inputs, there should be an underestimation in test sets with more ICs, due to the mandatory binding of the inducing elements into unified objects. Conversely, underestimation should not be evident in Experiment 3 because closing the gaps of inducing items disrupts the completion of ICs (Peterhans & von der Heydt, 1991) .
Experiment 1: inducers and disks

Description
The first experiment adapted the study of He et al. (2009) by replacing the physical links with Kanizsa-type ICs. Participants were not informed about ICs in the test patterns, and confusion about the concept of numerosity as it relates to connecting lines was clarified by instructing them to use all presented stimuli.
Materials and methods
Participants
Six people-two males (ages 30 and 31 years, including one of the authors) and four females (ages 24, 24, 25, and 27 years)-participated in the first experiment. Excluding the author, all other participants were naïve regarding the purpose of the experiment. In this and subsequent experiments, participants had normal or corrected-to-normal vision, were rewarded with a USB flash drive (monetary value of 800 JPY) for their participation, and were internationally, racially, and culturally diverse. In all experiments, informed consent was obtained from all participants, and the study was conducted in accordance with the Declaration of Helsinki.
2.2.2. Stimuli, design, and procedure 2.2.2.1. Stimuli. The experiment was conducted on a Mac mini computer (OS X 10.8.5) with FlexScan L568 EIZO 17 00 monitor (338 mm Â 270 mm active display size and 1280 Â 1024 pixels resolution). At a viewing distance of 80 cm where participants were seated, 1 pixel subtended a visual angle of 0.0187°. The stimulus patterns were generated in a custom Python program and displayed using PsychoPy software (Peirce, 2007) . The total stimulus collection contained 168 reference and 168 test patterns, each uniquely and randomly generated offline. The reference patterns were constructed from four black disks (diameter = 20 pixels; RGB = 0, 0, 0) and eight misaligned c-shaped inducers (diameter = 20 pixels; notch width = 4 pixels; and notch length = 10 pixels, measured from the center of the inducer outwards; RGB = 0, 0, 0), with a constant number of 12 items per reference pattern (see Fig. 1 ). The reference patterns did not contain ICs, and their absence was confirmed through a visual inspection of each pattern individually. In contrast, the number of items in the test patterns was varied between 9 and 15 by adding or subtracting disks, while the number of c-shaped inducers was kept constant at 8. Of the 168 test patterns, 56 contained no ICs, another 56 had 2, and the c-shaped inducers in the remaining 56 patterns aligned to form 4 ICs (8 different patterns were created for each of the 7 numerosity values of the test patterns for 0-, 2-, and 4-ICs conditions). The distance between the centers of two inducers that formed an IC was randomly chosen out of four possible values (22, 25, 28 , and 31 pixels). The items were displayed within a square (240 Â 240 pixels) with grey background (RGB = 127, 127, 127). They were constrained to appear at least 20 pixels away from the four square edges and were not allowed to overlap with each other. Similar to the reference patterns, each test pattern was examined individually to confirm that patterns contained a proper number of ICs as specified for each condition and that there was no apparent overlap or intersection between them. All patterns were presented against a black background (RGB = 0, 0, 0).
Design.
The experiment had 21 conditions: 3 (IC connectedness [0, 2, 4]) Â 7 (number of items in the test patterns [9] [10] [11] [12] [13] [14] [15] ). A total of 672 experimental trials were presented in two blocks of 336 trials separated by a self-paced break. Each condition supplied 32 (672/21) trials for analysis and fitting of the psychometric functions. All trials started after an ISI of 1000 ms, during which a black screen was maintained. A fixation cross (horizontal and vertical length = 16 pixels; RGB = 127, 127, 127) appeared at the center of the screen for 1000 ms alone and stayed visible for an additional 400 ms together with the two patterns that appeared simultaneously to the left and right of fixation (72 pixels between the nearest edge of each square panel to the fixation). After the total period of 1400 ms, all stimuli disappeared and the screen was black while waiting for the participant's response. Left-right presentation of reference and test patterns was balanced and randomized for each of the 21 conditions.
2.2.2.3. Procedure. Participants were seated approximately 80 cm from the computer monitor. Before the start of the experiment, they were asked to turn off any devices (e.g., cell phones or tablets) that could interrupt the process. They were briefed about the general procedure of the experiment and instructed to choose the pattern with more items in each trial by pressing the corresponding keys on the keyboard (''F" key to choose the pattern on the left; ''J" key for the one on the right). Response time was not restricted, but participants were encouraged to respond as fast as possible. All participants completed 24 practice trials that included 12-item references and test patterns with 9 items only (8 each with 0, 2, and 4 ICs). During the practice sessions, the experimenter was present in the room and available to answer questions regarding the experimental procedure. The whole experiment took approximately 40 min.
Results
The data were analyzed using a parametric approach based on maximum likelihood by fitting Gaussian cumulative distribution functions. The dependent variable was defined as the percentage of test patterns that participants selected as more numerous when compared with the fixed 12-item reference patterns. Each of the 21 experimental conditions contributed 32 trials to the psychometric functions, computed and fitted in the statistical software R, using packages that support parametric and non-parametric models, with description and instruction by _ Zychaluk and Foster (2009, modelfree v1 .1, for instructions see http://personalpages. manchester.ac.uk/staff/david.foster/software-modelfree/latest/ index.html). The guessing (c) and lapsing (k) rate parameters were randomly selected from a range of 0-0.05, and 50% of the chosen test patterns was set as a threshold level, plus or minus the average of c and k values. The corresponding number of items at the threshold level represents the point of subjective equality (PSE) or the number of items in a test pattern that is perceived as equal to the reference pattern. The data were collapsed across participants and the cumulative Gaussian model was fitted to the averaged values (200 bootstrap iterations).
As is evident in the upper-left panel of Fig. 2 , the psychometric functions shift to the right as the number of ICs increase in test patterns. The PSEs for 0, 2, and 4 ICs are equal to 11.95, 12.29, and 13.04 (also see Table 1 , Fig. 3 ), which denotes a systematic underestimation of perceived numerosity. In other words, the test patterns that form 2 or 4 ICs require more items in order to be subjectively judged as equal to reference patterns when there is no difference in the actual number of items between both displays.
Experiment 2: inducers only (12-item reference patterns)
Description
Numerosity underestimation was evident in the test patterns that contained ICs in Experiment 1. However, the use of two types of items (disks and c-shaped inducers) in the stimulus sets adds some uncertainty in the results, particularly because it has been shown that sets incorporating two or more item types tend to be perceived as less numerous than sets comprising identical items (Redden & Hoch, 2009) . In other words, the underestimation effect could be due to the presence of variety in the patterns, and the ICs may be unrelated to the effect. In addition, humans are able to select and estimate numerosities of multiple subsets based on a common feature in parallel (Halberda, Sires, & Feigenson, 2006) . Fig. 1 . Visual patterns used in Experiment 1. All samples shown here have 12 items. The total stimulus collection contained 168 reference and 168 test patterns generated offline in a random fashion. The reference patterns had a fixed number of 12 items, whereas test patterns varied between 9 and 15 items by adding or subtracting disks. One third of the test patterns did not form illusory contours, the other two thirds contained either two or four. Therefore, participants in Experiment 1 could be using such a strategy for optimizing their performance and making judgments by choosing either the always smaller set of disks or the larger and more salient c-shaped inducers set. Experiment 2 addressed these issues by replacing the disks from Experiment 1 with inducers, rendering all patterns item-invariant.
Number of items in test patterns
Materials and methods
Participants
A new group of seven people, including one of the authors, participated in Experiment 2 (2 males, aged 21 and 31 years; 5 females, aged 22, 22, 23, 25, and 27 years). Only the author was informed about the true purpose of the experiment.
Stimuli, design, and procedure
The design and procedure were identical to those applied in Experiment 1, with the exception that the patterns in Experiment 2 were constructed solely of inducers. As before, 168 reference and another 168 test patterns were created offline using the same procedure, dimensions, and parameters described in Experiment 1 (Fig. 4) .
Results
Similar to Experiment 1, the data were collapsed across participants and Gaussian cumulative distribution functions were fitted to the proportion of test patterns judged as larger than the reference. Again, as the number of ICs increased in the test patterns, the psychometric functions shifted rightward. The PSEs for 0-, 2-, and 4-ICs conditions were 12.08, 12.23, and 12.71 (Table 1 , upper-right panel of Fig. 2, Fig. 3 ). Both experiments give confidence to the assumption that the effect of numerosity underestimation observed in the test patterns with ICs is attributable to the perceived connectedness of the collinear inducers.
Experiment 3: closed inducers
Description
So far, it seems that the observed underestimation of numerosity in Experiments 1 and 2 is driven by the number of ICs that are embedded into the test patterns. The possibility for stimulus variety effects or strategic judgments based on a selected item subset was eliminated in Experiment 2, in which all patterns were constructed from c-shaped inducers. Cognitive and neural studies show that the perception of Kanizsa-type ICs is dramatically reduced when notches of inducers are closed by line segments (Davis & Driver, 1994; Kanizsa, 1976; Peterhans & von der Heydt, 1989; Peterhans & von der Heydt, 1991; von der Heydt et al., 1984) . Experiment 3 served as a further control, designed to obscure the completion of ICs in the test patterns, while maintaining an equal number of inducer edge alignments. If the hypothesis that ICs cause underestimation is correct, then making ICs harder to perceive will eliminate the underestimation, and equal PSEs for 0, 2, and 4 collinear inducer pairs are expected.
Materials and methods
Participants
Another group of six people participated in Experiment 3, including the author and one person who was also tested in Experiment 1 (1 male, aged 32 years; 5 females, aged 23, 24, 25, 26, and 26 years). All participants except the author were naïve regarding the purpose of the experiment. Fig. 3 . Points of subjective equality (PSEs) in all experiments. The x-axis shows the number of ICs, and the y-axis represents the true number of items in test patterns. As the number of ICs increases, participants underestimate the numerosity of test patterns in Experiments 1 and 2. In other words, slightly more items are needed in a test pattern in order to be judged as equal to a reference pattern when the actual number of items in both patterns is the same. Closing the c-shaped inducers in Experiment 3 with a thin line and increasing the numerosity in Experiment 4 abolish the effect. The error bars indicate 95% confidence intervals estimated at 0.5 threshold level. Fig. 4 . Visual patterns used in Experiment 2. The disks from Experiment 1 were replaced with c-shaped inducers to make all patterns uniform. All other conditions in Experiment 2 were identical to those in Experiment 1. This example shows 12-item reference and test patterns that were newly generated (168 individual patterns for each).
Stimuli, design, and procedure
The design, procedure, and the general stimulus parameters were similar to Experiment 2, except that all inducers were closed with a curved line (4 pixels thick). This manipulation reduced the notch length to 6 pixels, but the notch width of the inducers was left unchanged (4 pixels; Fig. 5 ). As before, two sets of 168 reference and 168 test patterns were randomly generated offline and used in the 21 conditions of the experiment (connectedness [0, 2, 4] Â numerosity [9] [10] [11] [12] [13] [14] [15] ). For simplicity, the same terminology (0, 2, and 4 ''ICs") is used to describe the number of collinear pairs in the test patterns.
Results
The performance for all participants was quantified as the proportion of test patterns judged to be more numerous than the reference, averaged across all. The psychometric functions modeled according to Gaussian cumulative distribution were fitted to the dataset using R. In sharp contrast to the previous experiments, PSEs for all three conditions in Experiment 3 showed no significant deviations from each other (0 ICs = 12.02, 2 ICs = 12.23, and 4 ICs = 12.17; Table 1 , lower-left display of Fig. 2, Fig. 3 ). These results suggest that the line closures successfully prevented formation of ICs, and that the mere alignment of edges between a few inducers was insufficient to connect them into a unified percept. In the absence of connectedness inside the test sets, numerosity underestimation did not occur. That is, when both reference and test patterns contained 12 items, each was equally likely to be judged as more numerous.
Experiment 4: inducers only (48-item reference patterns)
Description
In previous experiments the effect of IC connectedness was observed for numerosity range that can be considered relatively small in numerical magnitude (9-15 items in test patterns). However, it is uncertain whether this effect generalizes to more numerous collections. A hint that connected items may be processed differently in larger collections comes from Franconeri et al. (2009) , particularly from their fourth experiment where (un) broken lines connected circles under various degrees and where the underestimation in sets with 48 items was not as strong as sets containing 12 or 24 items. Although the authors suspected that it could be an artifact of their experimental design, we cannot exclude the possibility that as numerosity grows larger, additional mechanisms for density and texture take over and interact with the numerosity estimates (Durgin, 1995) . To investigate if configural processing observed in our Experiments 1 and 2 extends to higher numerosities, we modified Experiment 2 and carried out Experiment 4 using numerosities four times larger (reference patterns contained 48 items instead of 12).
Materials and methods
Participants
A new group of 13 people, excluding the authors, participated in Experiment 4 (4 males, aged 26, 28, 29, and 35 years; 9 females, aged 19, 19, 20, 22, 22, 23, 23, 24 , and 25 years). All participants were naïve regarding the purpose of the experiment and were internationally, racially, and culturally diverse.
Stimuli, design, and procedure
The design and procedure were identical to those in Experiment 2, except that in this experiment test patterns were exactly matched in their spatial distributions and occupied larger area on the screen (the grey background squares were increased to 380 Â 380 pixels in order to accommodate new stimuli). The numerosities from Experiment 2 were increased by a factor of 4, so the new sets comprised 48 items in reference and 36, 40, 44, 48, 52, 56, 60 items in test patterns. Also, the number of ICs was proportionally increased to 0, 8, and 16. There were 21 conditions: 3 (IC connectedness [0, 8, 16] ) Â 7 (number of items in the test patterns ). The first 56 test patterns with 16 ICs were created offline as eight unique patterns for each of the seven number conditions. The second 56 patterns with 8 ICs were made from the first ones, after they were duplicated and rotated clockwise; half of the 16-IC pairs were randomly selected and one inducer from the selected pairs was rotated by 90°to prevent an IC formation. The remaining 56 test patterns without ICs were created from the 56 patterns with 8 ICs, again, after clockwise rotation and 90°m isalignment of the inducer pairs. This technique of stimuli generation varied the number of items and ICs in all 168 test patterns, while keeping the other spatial properties constant. The same technique was used for the creation of 168 reference patterns, i.e., they initially contained 16 IC pairs that were misaligned afterwards, warranting zero-connectedness and making the spatial distributions between reference and test patterns comparable. All 336 patterns were visually inspected and the proper number of items and ICs was confirmed for each of the 21 conditions. All other parameters were equal to the parameters in Experiment 2 (presentation time, inducer dimensions, IC inter-inducer distances, minimal distance from edges of the background squares, etc.; Fig. 6 ).
Results
The same analysis was performed as previously: Gaussian cumulative distribution functions were fitted to the proportion of test patterns judged as larger than the reference. One male participant was excluded from the analysis because he failed to comply Fig. 5 . Visual patterns used in Experiment 3. This experiment was designed as a control for the previous experiments. The connectedness effects originating from the ICs in test patterns disappeared when the inducers' notches were closed with a line. Each pattern in this figure contains 12 items. As in previous experiments, the test patterns in Experiment 3 had 0, 2, or 4 collinear inducer pairs (for consistency, the same term, ''ICs" is used in the labels).
with the experimental procedure. Contrary to the results in Experiments 1 and 2, there was no rightward shift of the psychometric functions. PSEs for 0-, 8-and 16-IC conditions were 48.54, 48.30, and 49.03, providing no evidence for configural processing and numerosity underestimation (lower-right display of Fig. 2, Fig. 3 , Table 1 ).
Discussion
We investigated whether Kanizsa-type ICs, formed by a subset of inducers as a part of a larger set, affect numerosity estimation. In Experiments 1 and 2, set numerosity was underestimated in the test patterns that induced two or four modal ICs. This outcome was not observed in Experiment 3, where the inducers' openings were closed with a line, while the inducing edges remained aligned. Fourfold increase of numerosity in Experiment 4 also eliminated the underestimation, despite the proportional increase of ICs. PSEs obtained after fitting cumulative Gaussian functions to the data shifted to the right only in Experiments 1 and 2, where the numerosity underestimation was stronger in collections containing four IC-completing inducer pairs, relative to the collections with two or no pairs. Essentially, the current study replicated and further extended the findings previously reported by He et al. (2009) and Franconeri et al. (2009) , who showed that numerosity estimates are lowered by increasing connectedness in a set. Both studies concluded that the visual numerosity estimation of collections depends on discrete inputs; in other words, the visual system extracts numerical information after at least some scene segmentation has been completed. Current data are in agreement with this conclusion, albeit larger numerosities may be processed differently.
The task in the current experiments did not imply or compel item grouping, it simply required our participants to compare numerosities of two collections and choose the larger one. They were not informed that ICs were present in the test patterns, and yet it seems that IC-forming subsets in Experiments 1 and 2 were perceived as unified early in the visual process, likely before the numerosity estimation was applied to the collection. Such an inference is not surprising in light of physiological and behavioral evidence indicating that Kanizsa-type illusory figures do not require attention and are detected automatically and in parallel during early vision (Davis & Driver, 1994) , even by patients with spatial neglect (Vuilleumier & Landis, 1998; Vuilleumier, Valenza, & Landis, 2001 ). Furthermore, they are resistant to crowding (Lau & Cheung, 2012) , rapidly activate motor responses (SeydellGreenwald & Schmidt, 2012) , and are independent of contrast polarity (i.e., their strength does not change if inducers' colors are switched with the background; Murray et al., 2002) . However, when we claim that the pairs of collinear inducers were perceived in conjunction, we do not necessarily assume that complete ICs were perceived. In order for numerosity underestimation to occur in the test patterns, it is sufficient for two collinear inducers to be perceived as parts of a single unrecognized object or a surface. In other words, illusory figures only had to be detected in order to reduce the perceived numerosity, but their identification as shapes was not necessary. The detection of such figures is thought to be a separate process from their discrimination and it is explained by mechanisms that locate salient regions or ''candidate-surfaces" that precede boundary completions (Barlasov-Ioffe & Hochstein, 2008; Stanley & Rubin, 2003; Stanley & Rubin, 2005) . The largest PSE values in the test patterns with four collinear inducer pairs in Experiments 1 and 2 could also be interpreted as showing the largest likelihood for a detection of salient regions by configural processing, compared with patterns with two or no pairs at all.
On the other hand, PSE values in Experiment 3 did not vary systematically and there is no evidence that any of the test patterns were underestimated. That is, although the number of pairs and collinear edges was the same as in previous experiments, lineclosed inducers effectively interrupted the configural processing and extinguished the underestimation. Given the optimal conditions, even the stimuli from Experiment 3 could potentially induce amodal ICs, but they are perceptually different from the modal ICs generated in Experiments 1 and 2 (for a detailed conceptualization of modal and amodal completion, see Michotte, Thinès, & Crabbé, 1964) . Despite the evidence that both types of perceptual completions initially share common spatiotemporal neural mechanisms, amodal ICs require more time and effort for completion, which may explain why numerosity underestimation did not occur in Experiment 3 (Murray, Foxe, Javitt, & Foxe, 2004; Ringach & Shapley, 1996) . Furthermore, the characteristic rightward shift of the psychometric functions observed in Experiments 1 and 2 was also absent in Experiment 4, in which calculated PSEs did not differ sufficiently to signal an underestimation. This rather contradictory result may be due to an interaction with perceptual mechanisms involved into processing of density and texture that operate as soon as displays become sufficiently numerous (Dakin, Tibber, Greenwood, Kingdom, & Morgan, 2011; Durgin, 1995) . In fact, ICs may even initiate a texture-dependent estimates and reduce segmentation processes at large numerosities by making an impression that such collections have a ''mesh-like" structure. The duration of stimuli in Experiment 4 is additional factor that may have encouraged density and texture processing; the time parameters remained the same as in Experiment 2, even though the number of items displayed in Experiment 4 was four times bigger. In other words, more items had to be estimated in the same time frame as in Experiment 2, which perhaps interrupted the segmentation process and promoted estimation strategies that rely on density and texture. A suitable framework has been given recently by Anobile, Cicchini, and Burr (2016) who presented evidence for the existence of three separate numerosity mechanisms that are dependent on a given range, which are defined as subitizing, estimation, and texture ranges. The authors identified a critical point after which item segregation gives way to a density/texture regime of perception. We think that our data reflect and support Anobile et al. (2016) categorization, i.e., participants made their estimates over segmented inputs for the lower numerosities in Experiments 1-3, but relied more on density and texture for the larger numerosities in Experiment 4.
The results from Experiments 1-3 cannot be explained easily by Allik and Tuulmets' (1991) occupancy model, which proposes indirect numerosity estimation through means of territorial overlap and area summation. According to the model, the alignment of edges between two identical and equally separated inducers should not have an effect on their perceived occupied area. That is, a collection of inducers that form ICs should amount to an equal occupancy index with a collection where such contours are absent, given that the distribution of items is similar in both collections. However, one may argue that each pattern in our study had unique item distribution because they were all randomly generated, and the current methodology may have biased the results. Additionally, the decision to construct the ICs from four specified contour lengths chosen at random may have created a different spatial profile in the test patterns. Nevertheless, both objections can be dismissed because, despite of the identical method of stimulus generation, test patterns with closed and collinear inducers were not underestimated in Experiment 3. If there was some sort of a methodological bias in our experiments, we would expect the same results (i.e., a systematic underestimation in the third experiment as well). We are therefore confident that the observed underestimation in Experiments 1 and 2 may be attributed to the presence of ICs, rather than differences in item distributions or spatial frequencies. If predictions of the occupancy model held true, we would expect IC-inducing collections to have a similar occupancy index and to be judged as equal to the collections containing the same number of non-inducing items; however, this hypothesis must be rejected. Instead, the results from Experiments 1-3 are better explained by numerosity models that assume segmented visual inputs similar to Dehaene and Changeux's (1993) neuronal model. We interpret our results as an attempt by the visual system to quantify moderate numerosities through identification of their segments. Some authors suggest that visual systems decompose scenes into 'proto-objects' prior to attention, with volatile spatiotemporal coherence, compiled rapidly from properties including orientation, collinearity, closure, curvature, color, shadows (Rensink & Enns, 1998; Rensink, 2000a; Rensink, 2000b) . Additionally, segmentation is not a phenomenon strictly limited to object formation, because it is also evident in the detection of patches on surfaces and textures (Nothdurft, 1991; Wolfe, 1992) . The presence of ICs biases number estimation by interfering with the processes of scene parsing in which the visual system is 'tricked' into perceiving two independent objects as one. However, when we claim that the numerosity estimators require segmented inputs, we assume they operate over discrete units that have reached stability but do not necessarily represent complete objects. In a sense, the occupancy model too, implies scene segmentation, given that there is no obvious way for the visual system to calculate an occupied territory for each item individually without localization and individuation. Finally, we do not exclude the possibility that other factors like density or clustering could influence estimates even of lower numerosities at some stage of processing, although presently that seems unlikely. Franconeri et al. (2009) and He et al. (2009) used task-irrelevant lines to connect pairs of items in the conditions where underestimation occurred. An important contribution of our study is that we have successfully replicated the numerosity underestimation in absence of visible connections between the individual items. Although the outcome is similar, the crucial difference between those studies and ours is that we have approached the issue in a top-down, rather than bottom-up, manner. Early studies on ICs localized their processing to the lower cortical regions for vision, such as V1 and V2 (e.g., Peterhans & von der Heydt, 1989; von der Heydt et al., 1984; Peterhans & von der Heydt, 1991) , but more recent neuroimaging and neurophysiological studies indicate a top-down involvement of higher-order regions responsible for object recognition, like the lateral occipital complex (Kruggel, Herrmann, Wiggins, & von Cramon, 2001; Halgren, Mendola, Chong, & Dale, 2003; Mendola, Dale, Fischl, Liu, & Tootell, 1999; Murray et al., 2004) . The edge alignment in Kanizsa-type ICs prompts visual systems to supply missing retinal information through a top-down contour interpolation that emerges from the interaction between lower and higher cortical areas. The IC completion signature in our data suggests that our visual system actively and effortfully tries to identify segments when it estimates a moderate numerosity of a scene.
From an evolutionary point of view, numerical knowledge is adaptive only if it gives advantage to organisms to operate and survive in the environment. It is possible that the origin of numerosity perception is rooted in object perception, i.e., in the evolved ability to separate figures from grounds. Because most objects in the environment are occluded by other objects, perception of ICs is thought to have evolved as an anti-camouflage device that uses the collinearity of parts to reconstruct entire objects, even when substantial information is missing (Ramachandran, 1987) . The first organisms with the ability to discriminate simple shapes would naturally discover numerosity out of necessity to keep those rudimentary objects coherent and separated by some means. One way to achieve that would be to use some sort of visual 'indexing' of multiple objects on the basis of bottom-up salience cues (Pylyshyn, 1989; Pylyshyn, 2004) , which could be supported later in evolution by various top-down mechanisms. Thus, the intuition of researchers like Ross and Burr (2012) that number estimates are impossible without object recognition, might actually turn out to be correct.
Conclusions
Altogether, current results are taken as evidence for the proposition that visual numerosity estimation relies on segmented inputs, albeit with certain limitations in the numerical range. We demonstrated that collections of items can be underestimated not only when 'physical' line segments connect items in pairs, but also when a subset of inducers is aligned to generate modal Kanizsa-type ICs. The observed connectedness effect on the moderate (but not large) numerosities is best explained in relation to the perceptual processes that actively segment visual scenes, most likely for the purposes of object recognition. The current findings are in agreement with models that describe numerosity as a collection of discrete units processed by a dedicated but bounded number mechanism, rather than as an emergent property from aggregated areas.
